The paraxial mesoderm of the neck and trunk of mouse embryos undergoes extensive morphogenesis in forming somites. Paraxial mesoderm is divided into segments, it elongates along its anterior posterior axis, and its cells organize into epithelia. Experiments were performed to determine if these processes are autonomous to the mesoderm that gives rise to the somites. Presomitic mesoderm at the tailbud stage was cultured in the presence and absence of its adjacent tissues. Somite segmentation occurred in the absence of neural tube, notochord, gut and surface ectoderm, and occurred in posterior fragments in the absence of anterior presomitic mesoderm. Mesodermal expression of Dll1 and Notch1, genes with roles in segmentation, was largely independent of other tissues, consistent with autonomous segmentation. However, surface ectoderm was found to be necessary for elongation of the mesoderm along the anterior±posterior axis and for somite epithelialization. To determine if there is speci®city in the interaction between ectoderm and mesoderm, ectoderm from different sources was recombined with presomitic mesoderm. Surface ectoderm from only certain parts of the embryo supported somite epithelialization and elongation. Somite epithelialization induced by ectoderm was correlated with expression of the basic-helix-loop-helix gene Paraxis in the mesoderm. This is consistent with the genetically de®ned requirement for Paraxis in somite epithelialization. However, trunk ectoderm was able to induce somite epithelialization in the absence of strong Paraxis expression. We conclude that somitogenesis consists of autonomous segmentation patterned by Notch signaling and nonautonomous induction of elongation and epithelialization by surface ectoderm. q
Introduction
Segmentation, mesodermal elongation and epithelialization of the cells of the somites are all components of the morphogenesis of somites. An understanding of the mechanism of segmentation is beginning to form as both the cellular mechanisms and the genetic pathways yield to investigation, but less is known about the mechanisms of mesodermal elongation and somite epithelialization.
A number of genes that pattern somite segmentation have been identi®ed by targeted mutagenesis in the mouse. The majority of these genes appear to function together in the Notch signaling pathway. Mutations in ligands (Dll1, Dll3), receptors (Notch1), downstream transcription factors (Rbpsuh, Mesp2), as well as components of the Notch pathway whose biochemical function is less clear (Lfng, Psen1), all cause defects in somite segmentation Oka et al., 1995; Hrabe de Angelis et al., 1997; Saga et al., 1997; Shen et al., 1997; Wong et al., 1997; Evrard et al., 1998; Kusumi et al., 1998; Zhang and Gridley, 1998) . The role of Notch signaling in segmentation appears to be conserved throughout the vertebrates (Dornseifer et al., 1997; Jen et al., 1997; Buchberger et al., 1998; Palmeirim et al., 1998; Sparrow et al., 1998) .
Genes that are required for somite epithelialization have also been identi®ed. Both ®bronectin and one of its receptors, a 5 -integrin, are required for somites to epithelialize, but these genes do not appear to be required for segmentation itself (George et al., 1993; Yang et al., 1993; GeorgesLabouesse et al., 1996) . The basic-helix-loop-helix (bHLH) transcription factor Paraxis is also required for somite epithelialization, (Burgess et al., 1996) . Interestingly, Paraxis expression in the presomitic mesoderm and somites is dependent on interactions of the presomitic mesoderm with the surface ectoderm and the neural tube (Sosic et al., 1997) .
The presomitic mesoderm elongates along the anterior± posterior axis, and mesodermal elongation appears to drive elongation of the trunk of the mouse embryo (Smith, 1964) . Fate maps of the presomitic mesoderm suggest that the elongation occurs in the posterior of the presomitic meso-derm as the prospective somites mature (Tam, 1986) . However, little is known of the cellular mechanisms of this process.
There is considerable evidence that some aspects of somitogenesis are autonomous to the presomitic mesoderm. The presomitic mesoderm consists of a linear series of whorls of cells, the somitomeres, that anticipate the formation of the somites (Meier, 1979; Tam et al., 1982) . The number of somitomeres in the presomitic mesoderm corresponds to the number of somites that form from the presomitic mesoderm when it is cultured (Packard and Meier, 1983; Tam, 1986) , suggesting that there is a one-to-one correspondence between the somitomeres and the somites. Direct embryological tests of the autonomy of somitogenesis have shown that somites will form when the presomitic mesoderm and its overlying ectoderm are separated from either the lateral plate or the neural tube and notochord ( Packard, 1980a,b; Packard and Jacobson, 1976; Tam, 1986) . These somites are not stable, are abnormal in morphology, and do not differentiate (Packard and Jacobson, 1976) , but these abnormalities are probably due to the absence of signals from the notochord, the neural tube and the lateral plate mesoderm which direct the polarization and differentiation of the somites into dermamyotome and sclerotome (Rong et al., 1992; Christ et al., 1998; Gossler and Hrabe de Angelis, 1998 ) and promote somite cell survival (Teillet et al., 1998) , and not due to defects in segmentation itself. Finally, temporal and spatially segmented patterns of Notch, Delta, and cHairy 1 gene expression have been shown to be inherent to the presomitic mesoderm in the chick (Palmeirim et al., 1997 (Palmeirim et al., , 1998 , suggesting that complex patterns of gene expression can be generated autonomously in the presomitic mesoderm.
Other experiments suggest that some aspects of somitogenesis require interactions between the presomitic mesoderm and adjacent tissues. When presomitic mesoderm is cultured in isolation from all other tissues, including the surface ectoderm, it fails to form somites (Packard and Jacobson, 1976; Packard, 1980b; Lash and Yamada, 1986; Borycki et al., 1998; Palmeirim et al., 1998) . However, it is not clear if the failure to form somites in the absence of surface ectoderm is a failure to form epithelia, the most visible sign of segmentation, or if ectoderm is required for segmentation itself. Segmented gene expression of Delta 1 in the isolated chick mesoderm suggests that morphological segmentation of the mesoderm may not require ectoderm. The Paraxis mutant phenotype suggests that segmentation can take place in the absence of epithelialization (Burgess et al., 1996) . Thus, whether surface ectoderm is required for segmentation itself remains to be resolved.
Other important questions about the morphogenesis of somites remain. Does the surface ectoderm provide a speci®c factor for somite epithelialization, or does the surface ectoderm ful®ll a nonspeci®c or mechanical role? And is the surface ectoderm required for mesodermal elongation, and, if so, does it have speci®city? We addressed these questions by culturing mouse presomitic mesoderm in isolation, and after recombination with other tissues.
Results
2.1. Presomitic mesoderm requires surface ectoderm for somite epithelialization, but not for segmentation Tails from 10.5 day embryos were dissected to remove the most recently formed pair of somites (Fig. 1B) and cultured overnight. Formation of somites in culture was robust, recapitulating normal development. Tails formed from 6 to 10 new pairs of somites during the 20±24-h culture period ( Figs. 2A and 3A) , slightly less than would be expected in vivo (10±16 somites). This may re¯ect slower development in culture. Tissue sections showed that the Explants of the tail were created by cutting between the most recently formed pair of somites and the presomitic mesoderm. (C) Mesoderm with the tail ectoderm attached was isolated by cutting between the most recently formed pair of somites and the presomitic mesoderm and then cutting between the neural tube and the tail mesoderm. (D) Isolated tail mesoderm was prepared by performing the dissection described in C, followed by brief protease treatment and dissection of the ectoderm away from the mesoderm. (E) Explants of the tail mesoderm recombined with the tail ectoderm were created by placing the mesoderm isolated as in (D) inside a bag of tail ectoderm. The tail ectoderm was placed over the mesoderm with the anterior±posterior axis reversed. (F) To prepare surface ectoderm, day 10.5 embryos were cut along lines b, t or l to isolate branchial arch, anterior trunk or limb bud, respectively. newly formed somites were epithelial adjacent to the surface ectoderm. Newly formed somites were separated by prominent clefts lined by mesenchymal cells in the core of the mesoderm away from the surface ectoderm (Fig. 4A) .
To test if midline tissues are required for segmentation and epithelialization, the unsegmented tail mesoderm was separated from the neural tube, notochord and gut, creating a mesoderm explant with only the surface ectoderm still attached to it (Fig. 1C) . The explants of mesoderm and ectoderm formed epithelial somites in culture (Fig. 2C) . Of 90 explants, all had formed ®ve to seven somites by the end of the culture period (Figs. 2C and 3A) . Examination of sections showed that the somites that formed in culture were epithelial adjacent to the surface ectoderm (Fig. 4B) , like the somites formed in intact tails.
To test if surface ectoderm is required, the surface ectoderm was removed from the unsegmented mesoderm (Figs. 1D and 2B). The isolated tail mesoderm explants did not have any visible somites at the end of the 20±24-h culture period (Figs. 2E and 3A) . Sections of the cultured isolated mesoderm showed no evidence of epithelial mesoderm (Fig.  4D) . However, observation of the living fragments 4±7 h after the start of culture revealed the presence of one or two boundaries in a minority of the cultured fragments (Fig.  2D) . No sign of these boundaries were ever seen at the end of the culture period, indicating that the boundaries that were occasionally observed were transitory. Examination of sections of mesoderm cultured for 7 h showed that some of the cultured mesodermal explants had clefts deep within the mesoderm (Fig. 4C ). These clefts were bounded by mesenchymal cells, similar to the clefts deep within the mesoderm between newly formed somites observed in intact tails (Fig. 4A) . However, epithelial mesoderm was not observed in any of these explants. Clefts were present in a minority of sectioned explants (2/12) similar to the living tissue (2/5, Fig. 2D ).
To stringently demonstrate that ectoderm is necessary for somite epithelialization, mesoderm was recombined with surface ectoderm. In order to maximize contact between the ectoderm and mesoderm, a bag of ectoderm was isolated from the tail and the mesoderm was placed inside it (Fig.  1E ). In the majority of operations, the anterior±posterior axes of the two pieces of tissue were placed in opposite orientations (Fig. 1E ), but the same results were obtained when the axes were aligned (not shown). The overlying ectoderm adherently covered the entire mesoderm explant (Figs. 2F and 4E) . Tail mesoderm recombined with tail ectoderm formed three to ®ve somites by the end of the culture period (Fig. 2F) . Of 90 recombinants, 90% formed somites (Fig. 3A) . Somites formed in the recombinants were epithelial adjacent to the surface ectoderm, as demonstrated by examination of tissue sections (Fig. 4E ). The somites formed from anterior to posterior, even when the ectoderm anterior±posterior axis was opposite to that of the mesoderm.
From these experiments, we conclude that segmentation as assessed by morphological criteria may be autonomous to the presomitic mesoderm, but that somite epithelialization requires surface ectoderm.
Surface ectoderm is required for elongation of mesoderm
In addition to forming somites, tail explants elongated during the culture period ( Fig. 2A) . Therefore, explants with and without ectoderm were examined to determine if the ectoderm is required for elongation.
When the midline tissues were removed, the mesoderm elongated on the side to which the ectoderm was attached, resulting in a curled explant after culture (Fig. 2C) . The length and width of the explants were measured after ®xation and in situ hybridization to quantitate the extent of elongation, which was expressed by a ratio of the length divided by the width (Fig. 3B ). These results demonstrate that midline tissues are not essential for mesodermal elongation.
The size and shape of the isolated mesoderm after 20±24 h in culture was similar to, but slightly rounded up from its original form (compare Fig. 2B with 2E). Measurement of length and width showed that the isolated mesoderm was signi®cantly less elongated than mesoderm cultured with its ectoderm intact (Fig. 3B ). Isolated mesoderm may appear similar at 0 and 24 h due to a maintenance of size and shape throughout the culture period, or shape changes may occur during the culture period which are not apparent at 24 h. Therefore, the explants were analyzed at 0 and 7 h and compared to each other. In this instance, mesoderm had not maintained its original shape, but rounded up even more extensively than at 20±24 h (compare Fig. 2B with 2D). The decrease in length-to-width ratio ( Fig. 3C ) was due Fig. 3 . Surface ectoderm is necessary for somite epithelium formation and for elongation of the mesoderm. Explants prepared as outlined in Fig. 1 were cultured for 20±24 h and the living explants were scored for somite formation. Somite formation was considered to have taken place if two or more clear, contiguous somites were present at the end of culture. Elongation was scored in live explants at 0 and 7 h, and in ®xed in situ hybridized explants at 20±24 h. Maximum length and width measurements were expressed as a ratio of length divided by the width (not all explants were scored for elongation). (A) Tail ectoderm is necessary for somite segmentation. Epithelial somites were not formed from mesoderm in the absence of ectoderm. However, epithelial somites did form in intact tails, from mesoderm explanted with its attached ectoderm, and from isolated mesoderm recombined with tail ectoderm. (B) Ectoderm is necessary for elongation of tail mesoderm. Explants cultured for 20±24 h that included tail ectoderm elongated signi®cantly as compared to isolated mesoderm. (C) Isolated presomitic mesoderm rounded up at 7 h after the start of the culture period. (D) Mesoderm recombined with tail ectoderm also rounded up early in the culture period. (E) Tail and trunk ectoderm supported epithelial somite formation by tail mesoderm in the majority of explants. A minority of explants formed somites when recombined with branchial arch ectoderm. Limb bud ectoderm was unable to support somite formation. (F) Ectoderm from trunk and limb bud supported elongation of mesoderm after 20±24 h of culture as compared to cultured isolated presomitic mesoderm. Branchial arch ectoderm recombined mesoderm was shorter in length than cultured isolated mesoderm. An asterisk indicates categories where P , 0:01 as determined by a paired t-test for 0 and 7 h explants, or standard t-test for the 24 h explants. to a decrease in average length and an increase in width as compared to 0 h cultured isolated mesoderm. Thus, some elongation occurred in the 20±24 h cultured explants to restore their original size and shape.
When mesoderm was recombined with ectoderm, it elongated uniformly along the anterior±posterior axis giving rise to a rod-like piece of tissue in many instances at 20±24 h (Fig. 2F ). This increase in the average length-to-width ratio (Fig. 3B ) was due to an increase in average length as well as a decrease in average width as compared to 24 h cultured isolated presomitic mesoderm. To determine if the elongated shape results from maintenance of the original shape of the mesoderm by the ectoderm, or enhanced elongation of the mesoderm by the ectoderm, explants were examined at 7 h in culture. In these cultures, the mesoderm did not maintain its original shape, but rounded up extensively, similar to isolated mesoderm. This decrease in the length-to-width ratio (Fig. 3D ) was due to a decrease in average length, as well as an increase in width as compared to 0 h cultured presomitic mesoderm recombined with ectoderm.
From these results, we conclude that ectoderm is required for elongation of presomitic mesoderm.
Surface ectoderm is neither trophic nor mitogenic for tail mesoderm
Dividing and apoptotic cells were examined in cultured fragments to determine if the differences in morphogenetic behavior when mesoderm was cultured with or without ectoderm were due to proliferative or trophic effects of ectoderm on mesoderm. Intact cultured tails, and mesoderm with and without ectoderm showed equivalent, uniform cell division as detected by anti-phospho H3 Histone antibody (Fig. 5A,D) . DAPI counter-stained sections sometimes showed a differential staining pattern with more mitotic cells in the outer mesoderm, than in the inner mesoderm (Fig. 6 ). This was usually found in the thicker explants and may be due to differences in the nutritional environment during the culture period. The mitotic index of mesoderm with and without ectoderm was measured to determine if there were differences in the overall amount of proliferation. The presomitic mesoderm and somites which formed in tail explants cultured for 7 h had a mitotic index of 5.0%^a standard deviation of 1.9. Removing the midline tissues resulted in an index of 5.9^1.9%. Isolated presomitic mesoderm gave a mitotic index of 5.9^2.0%. When recombined with tail ectoderm, the mesoderm had a mitotic index of 5.2^1.7%. There were no statistically signi®cant differences between these numbers as determined by a t-test. Similarly, differences in apoptosis related to the presence or absence of ectoderm were not detected (Fig. 5E,H) . However, we found that apoptosis was higher than in tails analyzed directly without prior culture (Fig. 5I) . The increased level of apoptosis seen in cultured fragments may be due to suboptimal conditions of culture. Consistent with this notion is the ®nding that in some cultured fragments apoptosis was greater on one side of the explant than another, but increased apoptosis was not consistently associated with any structure, but varied from explant to explant, perhaps re¯ecting differences in cell survival related to the orientation of the fragment relative to the air±liquid interface in the hanging drop. From these results we conclude that the changes in tissue shape and organization are unlikely to be due to mitogenic or trophic effects.
Patterned expression of Notch1 and Dll1 is autonomous to the presomitic mesoderm
We tested if surface ectoderm is required for the patterned expression of Notch1 and Dll1, two genes required for somite segmentation Hrabe de Angelis et al., 1997) . Dll1 is normally expressed throughout the presomitic mesoderm of the tail, and in the posterior halves of somites (Bettenhausen et al., 1995) . In cultured tails, Dll1 was expressed normally (Fig. 7A ). Explanted mesoderm with the surface ectoderm attached expressed Dll1 in stripes in the posterior halves of the somites and in the remaining unsegmented mesoderm at the posterior (Fig. 7B) . Unexpectedly, cultured isolated mesoderm showed stripes of Dll1 expression, stripes that normally would correspond to the posterior halves of somites (Fig. 7C) . However, the stripes in the unsegmented mesoderm were weaker than those seen in cultured fragments containing ectoderm, and were concentrated in the interior of the mesoderm (Fig. 7C) . When mesoderm was recombined with tail ectoderm, stripes of Dll1 expression in the posterior halves of the somites were seen (Fig. 7D) . The stripes in the ectoderm-mesoderm recombinants were stronger than those seen in isolated mesoderm, and were not restricted to the core as in isolated mesoderm (compare Fig. 7C,D) .
Notch1 normally is expressed strongly in the presomitic mesoderm (Franco del Amo et al., 1992; Reaume et al., 1992) . In cultured tails, Notch1 expression was regulated normally, with lower expression in the somites that formed, and strong expression in the anterior of the presomitic mesoderm (Fig. 7E) . In explanted mesoderm with and without ectoderm, high level Notch1 expression was restricted to the presomitic mesoderm after culture (Fig. 7 F,H) , similar to cultured tails, although the boundaries of its expression were less sharply de®ned than that seen in cultured tails (Fig. 7F,H) .
The relatively normal expression of Dll1 and Notch1 in the isolated presomitic mesoderm suggests that the segmental expression of these genes is largely autonomous to the presomitic mesoderm, consistent with the autonomous segmentation that was observed morphologically in a minority of 7 h cultured isolated presomitic mesoderm explants.
Paraxis expression requires surface ectoderm
Paraxis is normally expressed in the anterior presomitic mesoderm and in the somites (Blanar et al., 1995; Burgess et al., 1995) . In cultured whole tails, Paraxis was expressed normally (Fig. 8A ). In mesoderm that had been cultured with the surface ectoderm attached, Paraxis expression was observed in the somites and in the unsegmented mesoderm at the posterior of the explant (Fig. 8B) . Paraxis expression in the somites was highest in the mesoderm closest to the surface ectoderm. In cultured isolated mesoderm, Paraxis expression was absent from the anterior three-quarters of the explants (Fig. 8C) . In tail mesoderm recombined with tail ectoderm, Paraxis was strongly expressed in the posterior three-quarters of the mesoderm (Figs. 8D and 9A ). These results are consistent with results in the chick that suggest that continued Paraxis expression in the mesoderm requires the presence of the surface ectoderm (Sosic et al., 1997) .
To determine if close contact between the tail ectoderm and mesoderm is required for somite epithelialization and Paraxis expression, pieces of ectoderm were put in contact with the mesoderm by pushing the two pieces next to each other, rather than putting the mesoderm inside an ectodermal bag. In no case did epithelial somites form or the mesoderm elongate (0/4), and in only one case (1/4) was Paraxis expression maintained next to the piece of ectoderm (Fig. 8E) . A patch of Paraxis expression was observed in the piece of ectoderm in one instance (Fig. 8E) . We assume that this was due to mesodermal cells that migrated into the ectoderm, although we have not tested this assumption. These results suggest that close contact between the two tissues is necessary for the maintenance of Paraxis expression, somite epithelialization and elongation of the mesoderm. Alternatively, inductive factors may be localized to the basal aspect of ectoderm, which may not be available to the mesoderm in the context of these experiments. In order to determine if tail ectoderm is speci®cally required for somite epithelialization and maintenance of Paraxis expression, different types of ectoderm were tested in recombinants.
Trunk and branchial arch surface ectoderm induce somite epithelialization but limb bud surface ectoderm does not
The ability of tail ectoderm to support epithelialization of tail somites may be due to a speci®c factor found in tail ectoderm, or a nonspeci®c requirement for contact with a tissue from any source. Trunk, branchial arch and limb bud ectoderm were tested to determine if they support epithelialization of tail somites. Dorsal trunk ectoderm from anterior to the forelimb bud was found to be highly effective at promoting the formation of epithelial somites: of 22 recombinants cultured, 19 (86%) formed somites (Fig. 3E) . Branchial arch ectoderm was found to be less effective at supporting the formation of somites: of 9 recombinants of branchial arch ectoderm and tail mesoderm, only 2 (22%) formed somites (Fig. 3E) . Limb bud ectoderm was unable to promote formation of epithelial somites by the mesoderm: recombined limb bud ectoderm and tail mesoderm did not form somites in ten trials (Fig. 3E) . Thus, while tail ectoderm appears to be the most effective at promoting somitogenesis, several other sources of ectoderm appear to be able to substitute when recombined experimentally. Limb bud ectoderm either lacks an activity that supports somite epithelialization, or has an activity which suppresses it. The effect of the source of the ectoderm on gene expression in the mesoderm was assayed in order to determine if Paraxis was always associated with somite epithelialization.
Paraxis expression speci®cally requires tail ectoderm
Trunk, branchial arch and limb bud ectoderm were tested to determine if they maintained expression of Paraxis in the mesoderm of recombinants. Unexpectedly, despite the fact that trunk ectoderm supported the formation of epithelial somites in tail mesoderm, Paraxis expression was undetectable in 14 out of 15 recombinants with trunk ectoderm (compare Fig. 9A,B) . There was a better correlation between somite epithelialization and Paraxis expression in the other tissue recombinants. Branchial arch ectoderm variably maintained Paraxis expression in 14 explants analyzed (Fig. 9C) , consistent with the variable mesodermal epithelialization supported by this tissue. If Paraxis expression was maintained at high levels, epithelial somites were often visible (Fig. 9C) . Limb bud ectoderm was not able to maintain Paraxis as extensively or as anteriorly as tail ectoderm (compare Fig. 9A,D) , consistent with the failure to form epithelial somites in these recombinants. The posterior domain of Paraxis expression within the limb bud recombinants resembles that of isolated mesoderm. It appears that some speci®city also resides in the mesoderm, since tail ectoderm was unable to induce somite formation, or to induce Dll1 and Paraxis expression in limb bud mesoderm ( Fig. 9E and not shown) .
Limb bud and trunk ectoderm support elongation of presomitic mesoderm, but branchial arch ectoderm does not
To determine if the ability of tail ectoderm to support elongation of tail mesoderm may be due to a speci®c factor found in tail ectoderm or a nonspeci®c requirement for contact with a tissue from any source, ectoderm from trunk, branchial arch and limb bud was tested. Explants cultured for 20±24 h were analyzed and compared to each other after ®xation and in situ hybridization. Dorsal trunk ectoderm from anterior to the forelimb bud was able to support elongation of mesoderm (Fig. 3F) by increasing length as compared to cultured isolated presomitic mesoderm. Limb bud ectoderm was able to promote elongation of the mesoderm (Fig. 3F) by increasing length and decreasing width. Branchial arch ectoderm was not able to support elongation of mesoderm (Fig. 3F ). This was due to a decrease in length as well as an increase in width as compared to cultured isolated presomitic mesoderm. In summary, elongation of mesoderm is supported best by the tail ectoderm, but several other sources of ectoderm appear to be able to substitute when recombined experimentally.
Discussion

Surface ectoderm is required for somite epithelialization and elongation of mesoderm, but segmentation is autonomous
Our results show that surface ectoderm has striking effects on the morphogenesis of the paraxial mesoderm. The surface ectoderm is required for both the epithelialization of somites and for anterior±posterior elongation of the paraxial mesoderm, but not for segmentation.
Our ®ndings that the surface ectoderm is required for the epithelialization of tail somites in the mouse are consistent with experiments in the chick (Sosic et al., 1997; Borycki et al., 1998) . Importantly, our results show that somite epithe-lialization can be restored when surface ectoderm is recombined with the tail mesoderm. This result argues against the possibility that the mesoderm was damaged by the isolation procedure.
Interestingly, although Paraxis was not maintained in explants of tail mesoderm when it was recombined with trunk ectoderm, these explants still formed epithelial somites. Perhaps the initial expression of Paraxis is enough to support epithelialization regardless of later expression.
The nature of the interactions between surface ectoderm and tail mesoderm
Surface ectoderm appears to interact with presomitic mesoderm to promote anterior±posterior elongation of the mesoderm, and expression of Paraxis and somite epithelialization. There appears to be speci®city in both the interaction that induces somite epithelialization and the interaction that produces elongation of the paraxial mesoderm, since these interactions cannot be duplicated by ectoderm from all sources.
For example, branchial arch ectoderm was not able to promote elongation of presomitic mesoderm, suggesting that it does not provide a component present in other types of ectoderm. Alternatively, the differences in the effectiveness at promoting elongation between ectoderm types may result from differences in the size and physical shape of the different ectodermal pieces or may be due to differences in their ability to adhere to the mesoderm rather than a real difference in activity.
In addition, the ability to promote somite epithelialization is not present in all types of surface ectoderm. Thus, limb bud ectoderm was not able to maintain Paraxis expression or to promote somite epithelialization, and trunk ectoderm was not able to maintain Paraxis expression. However, limb bud ectoderm is known to be a source of a number of secreted factors (Niswander and Martin, 1992; Parr et al., 1993; Crossley and Martin, 1995; Lyons et al., 1995) , and it is possible that these factors actively interfere with somite epithelialization. For example, BMPs can induce the presomitic mesoderm to become lateral plate Tonegawa and Takahashi, 1998) , which would inhibit the epithelialization of somites. However, this situation seems unlikely, given that Paraxis expression in limb bud recombinants was similar to that in isolated presomitic mesoderm.
Changes in shape induced by interactions between ectoderm and mesoderm
The surface ectoderm promotes the elongation of tail mesoderm in the anterior±posterior dimension. In the mouse, the elongation of the trunk appears to be driven by the presomitic mesoderm (Smith, 1964) . A number of mouse mutants with defects in paraxial mesoderm develop shortened trunks with folded neural tubes (Herrmann, 1991; George et al., 1993; Yang et al., 1993; Yamaguchi et al., 1994; Oka et al., 1995; Hrabe de Angelis et al., 1997) , suggesting that embryo elongation is mechanically driven by elongation of the paraxial mesoderm. Since ectoderm did not signi®cantly increase the mitotic index of the mesoderm, it is likely that ectoderm promotes elongation by affecting cell shape or organization. It is interesting to note that different con®gurations of ectoderm and mesoderm resulted in different shapes. Thus, when ectoderm was present on one side only, the mesoderm elongated on the side apposed to the ectoderm, whereas if the ectoderm was in contact with the mesoderm on all sides, elongation was uniform. Although we have not tested the ability of nonectodermal tissues to promote mesodermal elongation, it is conceivable that the apposition of ectoderm to the dorsal surface of the mesoderm could contribute to dorsal±ventral curvature of the embryo.
Segmentation is autonomous to the presomitic mesoderm
Our results indicate that in contrast to somite epithelialization and mesodermal elongation, segmentation patterned by Notch signaling is autonomous to the presomitic mesoderm. There appears to be a surprising degree of autonomy in the process of segmentation, since even posterior presomitic mesoderm can form somites if it remains in contact with surface ectoderm (Spratt, 1957; Buchberger et al., 1998) . Indeed, segmented expression of Delta 1 was also seen in isolated chick mesoderm (Palmeirim et al., 1998) . The autonomy of segmentation and gene expression observed in these experiments is consistent with the proposed somitomeric organization of the presomitic mesoderm, but such autonomy would also be consistent with the more dynamic clock-like mechanisms proposed for segmental patterning (Cooke and Zeeman, 1976; Palmeirim et al., 1997) .
The processes of segmental patterning and somite epithelialization may be connected at some level. Dll1, Notch 1, and Rbpsuh knockout mice have defects in the epithelialization of somites in addition to segmentation defects (Conlon, 1995; Oka et al., 1995; Hrabe de Angelis et al., 1997) . Moreover, Paraxis mutants have defects in the vertebrae and spinal nerves that are suggestive of segmentation defects although segmentation is normal in newly formed somites (Burgess et al., 1996) . Although epithelialization and segmentation are distinct processes, it is likely that the two processes interact with each other at some level. Thus, somite epithelialization might be expected to stabilize or maintain the segmental pattern generated by the Notch pathway. This would be consistent with the apparent segmental defects seen in Paraxis mutant newborns (Burgess et al., 1996) , and with the weaker stripes of Dll1 expression in paraxial mesoderm that failed to epithelialize (Fig. 7C) . Moreover, if Notch signaling controls the timing of the transition from presomitic mesoderm to somite as has been proposed , this would link segmentation controlled by Notch pathway genes with epithelialization controlled by genes like Paraxis.
Experimental procedures
4.1. Dissection, recombination and culture Day 10.5 mouse embryos were dissected from uteri in ice-cold Dissection Buffer (5.8 g/l NaCl, 0.186 g/l KCl, 0.05 g/l KH 2 PO 4 , 0.05 g/l MgSO 4´7 H 2 O, 0.004 g/l Na 2 ED-TA´2H 2 O, 0.336 g/l NaHCO 3 , 0.25 g/l CaCl 2 , 4.76 g/l HEPES (pH 7.1), 50 units/ml penicillin, 50 mg/ml streptomycin) supplemented with 10% fetal calf serum (FCS). The tail was excised by cutting through the embryo between the most recently formed somite pair and the presomitic mesoderm (Fig. 1B) . To create explants containing the tail mesoderm with its overlying ectoderm attached, a cut was made between the neural tube and the presomitic mesoderm of tail fragments (Fig. 1C) . To isolate presomitic mesoderm, the ectoderm was removed by treating with 0.15% (w/v) dispase (Gibco/BRL) in phosphate buffered saline (PBS) for 10 s at room temperature, rinsing with Dissection Buffer containing 10% FCS, and manually dissecting away the ectoderm (Fig. 1D) . To isolate ectoderm for use in recombinations, a needle was ®rst used to cut off the tail, forelimb bud, branchial arch or a trunk fragment as diagrammed in Fig. 1H . These pieces were then incubated in dispase for 10 min at room temperature, and rinsed in Dissection Buffer containing 10% FCS. In the case of tail, branchial arch and forelimb bud, the ectoderm was dissected away in one bag-shaped piece and the isolated tail mesoderm was placed inside it (Fig. 1E) . Trunk ectoderm was removed as a sheet and wrapped around the tail mesoderm. The explants were cultured in a 5% CO 2 atmosphere at 378C, in 40 ml hanging drops of 1:1 Ham's F-12: DMEM high glucose supplemented with 10 ng/ml FGF-2 (Gibco BRL) and 10% FCS for 20±24 h unless speci®ed otherwise.
In situ hybridization
After the culture period, explants were rinsed in ice-cold PBS, ®xed 2 h in 4% paraformaldehyde in PBS at 48C, and processed for wholemount in situ hybridization as described previously (Henrique et al., 1995) . However, the protease treatment was adjusted to 10 mg/ml of Proteinase K for 7 min at 378C.
Detection of cell proliferation and cell death
Dividing cells were detected with anti-phospho H3 Histone antibody (Upstate Biotech) diluted 1:200 and a peroxidase conjugated secondary antibody to rabbit IgG diluted 1:200. Wholemount antibody stained explants were dehydrated through an ethanol series, embedded in plastic (JB4 Embedding Kit from Polysciences, Inc.) and sectioned at 10 mm. Non-adjacent DAPI counter-stained sections were analyzed for total cell number and number of anti-phospho H3 Histone stained cells within a 12 870 mm 2 ®eld. One ®eld per section and three sections per explant were counted. A total of four explants for each category were analyzed. Cell death was detected as previously described except that the DNA end-labeling reaction used 0.5 mM digoxigenindUTP, 40 mM TTP, and 12.5 units/ml terminal transferase.
Histology
Explants were rinsed in PBS, ®xed overnight in halfstrength Karnovsky's ®xative (2.5% glutaraldehyde, 2% paraformaldehyde, 0.1 M sodium cacodylate (pH 7.5)) (Karnovsky, 1965) , washed in 0.1 M sodium cacodylate (pH 7.5), and processed for plastic sections as above. Unmounted, unstained sections were photographed using differential interference contrast optics.
Morphometry
Video images of whole tissues were measured using NIH Image. The largest possible dimensions were used for length and width measurements. Tissues that had curled during culture were measured along a curved line through the center of the tissue.
